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Abstract
Protein sorting into mitochondria is achieved by the concerted action of at least four translocation complexes. Vectorial
transport of polypeptide chains by these complexes requires different driving forces. In particular, vi, matrix adenosine
triphosphate and the free energy of the binding to other protein components are used in series to achieve sorting of proteins
to the various mitochondrial subcompartments. The processes providing the translocation energy are presented in this review
and their impact for protein sorting into and within mitochondria is discussed. ß 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Eukaryotic cells are subdivided into membrane-
bound compartments each consisting of a unique
set of proteins. Since almost all of these are synthe-
sized in the cytoplasm, protein targeting systems exist
that deliver newly made polypeptides to their speci¢c
destinations. Signal sequences on the polypeptides
bind to receptors on the surface of the target com-
partments conferring speci¢city on the targeting
process. Protein translocases in the membranes of
the target compartments then mediate insertion of
proteins into or translocation across the lipid bi-
layer. Unidirectional translocation of polypeptides
is achieved by coupling transport to exergonic reac-
tions. Here, we describe the sorting of mitochondrial
proteins and discuss the various forms of energy
which, in their sum, ensure vectorial movement of
polypeptides.
2. Pathways of protein import into mitochondria
Mitochondria are made up of two membrane sys-
tems that subdivide this organelle into two aqueous
subcompartments: the intermembrane space between
the outer and the inner membrane, and, enclosed by
the inner membrane, the matrix. In recent years, four
translocation machineries were identi¢ed which, in a
concerted fashion, mediate import and sorting of
proteins (Fig. 1, for reviews see Refs. [1^4]).
The majority of mitochondrial proteins is synthe-
sized in the cytoplasm. Typically, N-terminal prese-
quences serve as signals addressing these preproteins
to mitochondria. These ‘matrix-targeting signals’
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(MTSs) usually form amphiphilic K-helices with a
hydrophobic and a positively charged face [5]. After
translocation into the matrix these presequences are
removed by the mitochondrial processing peptidase.
Alternatively, proteins can by directed to mitochon-
dria by internal targeting signals. The currently best
characterized representatives of this group are the
members of the carrier family of the inner mem-
brane.
During and following synthesis in the cytosol, mo-
lecular chaperones bind to mitochondrial preproteins
and thereby prevent their aggregation and maintain
the preproteins in a state which allows the interaction
of the targeting signals with receptors on the mito-
chondrial surface. These receptors and the protein
conducting channel constitute the TOM complex
(translocase of the outer membrane). Preproteins en-
ter the intermembrane space through this aqueous
pore and, if destined to the inner membrane or the
matrix, interact with translocases of the inner mem-
brane, the TIMs.
Preproteins with typical MTSs interact with the
TIM23 complex which mediates their insertion into
or translocation across the inner membrane. The
TIM23 complex is comprised of at least three sub-
units: Tim17 and Tim23 are integral membrane
proteins which most likely form the aqueous trans-
location pore to which the hydrophilic matrix pro-
tein Tim44 is attached. Tim44 recruits the matrix
chaperone mt-Hsp70 to the import site in an adeno-
sine triphosphate (ATP)-dependent manner (see be-
low).
Following translocation through the TOM com-
plex, a subgroup of preproteins with internal signals,
in particular members of the so-called carrier protein
family, are bound by soluble protein complexes in
the intermembrane space consisting of Tim9 and
Tim10. Subsequently, the carrier proteins are deliv-
ered to the TIM22 translocase in the inner membrane
which mediates their membrane insertion.
In addition to the two TIM complexes, the inner
membrane harbors a third translocase, the OXA
complex. This translocase is highly conserved from
bacteria to mitochondria and chloroplasts, and thus
^ in contrast to the TOM and TIM translocases ^
appears to be inherited from the bacterial ancestors
of mitochondria. The OXA translocase mediates the
insertion of mitochondrially encoded proteins into
the inner membrane. In addition, it is required for
the insertion of nucleus-encoded proteins which
reach the inner membrane from the matrix side fol-
lowing translocation across both mitochondrial
membranes. An overview on the mitochondrial
translocation machineries is depicted in Fig. 1.
3. Energetics of polypeptide translocation: driving
forces conferring unidirectionality
Several lines of evidence indicate that mitochon-
drial protein import is an e⁄cient and rapid process:
(i) the cytosol contains hardly any pools of non-im-
ported mitochondrial preproteins in vivo [6^9], (ii)
within 30 s isolated mitochondria are able to import
the majority of added preproteins [10], and (iii), at
least in yeast, mitochondrial import is signi¢cantly
faster than polypeptide elongation on cytosolic ribo-
somes [2]. What is the driving force of this e⁄cient
polypeptide movement? Import into mitochondria is
reversible up to a late stage [11]. It can occur in an
NCC and CCN direction [12], indicating that the
pores themselves do not provide directionality. Thus,
polypeptide translocation into mitochondria obvi-
ously has to be coupled to exergonic reactions which
confer directionality. Two alternative principles have
been proposed. (i) Translocation machineries might
work like motors or engines [13] which, in general,
Fig. 1. Protein import pathways into mitochondria. See text for
details.
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employ a variety of energy sources and convert them
into vectorial movement. (ii) Thermal £uctuation of
a polypeptide in the translocation pore can be con-
verted to an unidirectional movement by chemical
asymmetries between the cis and the trans sides of
a membrane [14]. According to this ‘Brownian ratch-
et model’, random Brownian motion is the primary
energy source for protein translocation which is rec-
ti¢ed into an unidirectional driving force by process-
es such as membrane insertion, protein folding, or
receptor binding.
Several processes that might serve as driving forces
for protein translocation across mitochondrial mem-
branes are sketched in Fig. 2 and will be discussed in
the following.
3.1. Ribosomal pushing from the cytosol across the
outer membrane
In the case of co-translational polypeptide trans-
location into the endoplasmic reticulum, the ribo-
some is tightly associated to the Sec61 translocase
and the energy provided by the protein synthesis re-
action appears to generate the driving force. Does
this ‘ribosomal pushing’ also play a role in mitochon-
drial import? The bulk of evidence argues against a
functional coupling of translation and translocation.
Both in vivo and in vitro protein import into mito-
chondria can occur post-translationally with high ef-
¢ciency. Precursor proteins that accumulate in the
cytosol upon depletion of vi could be chased into
mitochondria in vivo when the uncoupler was re-
moved [15]. Import of a precursor that forms a
tightly folded structure after binding of a co-factor
was blocked in vivo in the presence of the co-factor.
Since completion of synthesis is necessary for stable
folding, the precursor had to be completed before it
reached the import channel [16]. The competition
between import and folding is believed to serve as
a mechanism by which a polypeptide can achieve a
dual localization in the cytosol and mitochondria
[17,18]. In yeast, fumarase is synthesized with an
N-terminal presequence that is removed by the mi-
tochondrial processing peptidase. However, 80^90%
of this protein is not completely translocated into
mitochondria but falls back out into the cytosol
probably due to a tightly folded C-terminus [18,19].
Thus, only a minor fraction of this protein seems to
Fig. 2. Di¡erent mechanisms confer vectoriality of polypeptide movement. The driving force for protein translocation can be gener-
ated by molecular motors that convert electrochemical energy directly into motility (A,E), or by molecular ratchets that rectify thermal
£uctuation of a translocation intermediate to facilitate unidirectional motion (B^D,F).
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reach the mitochondrial import machinery before the
protein can adopt its stable folding. Di¡erent folding
states of preproteins in the cytosol can be used by the
cell to regulate the localization of a protein. An ex-
ample is aminolevulinate synthase which catalyzes
the ¢rst step in heme biosynthesis in mitochondria:
in mammalian cells, binding of heme to the precursor
of this enzyme prevents its translocation into mito-
chondria and thereby the synthesis of heme [20].
Although these observations clearly argue against a
signi¢cant impact of ribosomal pushing for protein
import into mitochondria, some recent studies sug-
gest that, at least in mammalian cells, ribosomes
might bind to the mitochondrial surface in a manner
dependent on guanosine triphosphate (GTP) and
nascent chains [21]. This interaction was reported
to be stimulated by the nascent polypeptide-associ-
ated complex, NAC [22].
3.2. Ribosomal pushing from the matrix into/across
the inner membrane
Mitochondrial genomes encode a small number of
proteins most of which are hydrophobic subunits of
respiratory chain complexes. Mitochondrial protein
synthesis occurs predominantly or exclusively in the
proximity of the inner membrane [23,24]. It appears
likely that translation and translocation are at least
kinetically coupled and thereby the aggregation of
the hydrophobic translation products is prevented
[25]. A ribosome receptor at the inner membrane
could not yet be identi¢ed. Instead, active translation
complexes are recruited to the inner membrane by
binding of speci¢c membrane-associated translation
activators to mRNA sequences [26,27]. This mem-
brane recruitment appears to be necessary for e⁄-
cient insertion of the polypeptides into the inner
membrane [28]. Correct insertion into the inner
membrane was also observed for proteins normally
encoded by mitochondrial genes but that were syn-
thesized in the cytoplasm fused onto an MTS and
imported into mitochondria [29^31]. In this post-
translational export reaction, however, a high vi is
crucial for membrane insertion whereas depletion of
vi only partially a¡ects co-translational transloca-
tion (see below). Thus, ribosomal pushing may serve
as important driving force for membrane insertion of
mitochondrial translation products.
3.3. Membrane insertion prevents backsliding
The insertion of a hydrophobic transmembrane
domain into the hydrophobic environment of the
lipid bilayer is an exergonic reaction that ^ especially
in the case of mitochondrial translation products ^
might signi¢cantly contribute to the motive forces of
the translocation process.
Hydrophobic sorting signals close to the N termi-
nus of proteins have been shown to mediate mito-
chondrial import in an ATP-independent manner.
Examples are D-lactate dehydrogenase and cyto-
chrome b2 [32^35]. Insertion of a hydrophobic seg-
ment into the lipid bilayer would prevent backsliding
of a translocation intermediate; lateral di¡usion
within the membrane then might pull the protein
completely across the outer membrane. Since lateral
di¡usion represents a weak driving force, this inser-
tion-mediated import may not be able to translocate
tightly folded domains across the TOM complex [36^
39].
3.4. The role of protein folding
The example of fumarase and adenylate kinase
showed that cytosolic protein folding can interfere
with translocation. Binding of chaperones to precur-
sor proteins in the cytosol can keep them in a loosely
folded conformation [40,41]. In addition, the prese-
quence interferes with e⁄cient folding of some pro-
teins [42]. Following import, however, preproteins
acquire their native structure. It has been suggested
that protein folding could serve as driving force for
the translocation into the intermembrane space [43].
Intramitochondrial protein folding might be stabi-
lized or induced by the incorporation of co-factors.
Interestingly, soluble intermembrane space proteins
are typically small single-domain proteins that ac-
quire cofactors after translocation of the outer mem-
brane. Examples are cytochrome c (heme), Som1
(metal ions), Cox17 (Cu2), Tim8, Tim9, Tim10,
Tim12 and Tim13 (all Zn2). Apo-cytochrome c is
able to penetrate the outer membrane in both direc-
tions. If the attachment of heme is blocked there is
no enrichment of this protein in the intermembrane
space over the cytosol. In contrast to apo-cyto-
chrome c, holo-cytochrome c cannot penetrate the
outer membrane, so that the trapping by heme at-
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tachment appears to be su⁄cient to concentrate cy-
tochrome c in the intermembrane space [44^46].
3.5. The role of the membrane potential vi
The vi across the inner membrane (outside pos-
itive, inside negative) was proposed to provide the
energy to translocate positively charged sequences
(MTSs and internal signals) into the matrix [47,48].
An electrophoretic e¡ect is believed to pull the pre-
sequence from the outside of the inner membrane
into the matrix where it can interact with mt-Hsp70
[10]. A stimulating e¡ect of vi on the translocation
of mature parts of preproteins in general has not
been observed. On the other hand, it is interesting
to note that mitochondrial matrix proteins are typi-
cally more basic than cytosolic isoforms and it re-
mains to be seen, whether this particular property
is related to protein transport [49]. In addition to
this possible electrophoretic e¡ect, vi induces dimer-
ization of Tim23. A dimeric state of Tim23 may be
required for the translocation of precursors through
the TIM23 complex [50]. The strict requirement for
vi of the protein import into the matrix appears to
re£ect the role of dimeric Tim23 as presequence re-
ceptor in the intermembrane space and as a compo-
nent involved in voltage gating of the TIM23 chan-
nel.
Insertion of proteins from the matrix space into
the inner membrane by the OXA complex also de-
pends on a membrane potential. In contrast to pro-
tein import [51], however, a proton gradient seems to
be crucial [31]. In this respect, protein insertion into
the inner membrane from the matrix side resembles
insertion into the bacterial inner membrane [52]. Like
in prokaryotes, the orientation of mitochondrial in-
ner membrane proteins adheres to the positive inside
rule [53,54]; negatively charged amino acid residues
in hydrophilic loops or in N- or C-terminal tails are
preferentially translocated to the positively charged
face of the membrane. An electrophoretic e¡ect,
however, seems not to be su⁄cient to explain the
vpH dependence [55] and its role is so far enigmatic.
3.6. Protein interactions lead the way
On their way from cytosolic ribosomes to mito-
chondria preproteins encounter a number of succes-
sive protein interactions which may guide them to
their target localization. According to the ‘acid chain
hypothesis’, negatively charged binding sites on
acidic receptors bind precursor proteins successively
with increasing a⁄nity along the import route: bind-
ing sites are present on chaperones in the cytosol
(mitochondrial import stimulating factor and cyto-
solic Hsp70), on receptors on the mitochondrial sur-
face (Tom70, Tom22/Tom20, Tom5), and on do-
mains of translocation pore components of the
TOM complex (Tom7/Tom22) [56]. It is under de-
bate which components really provide the binding
sites [57] and an exclusively electrostatic nature of
the interactions is unlikely [58]. However, the idea
of sequential protein binding as a mechanism to pro-
vide directionality along the transport pathway is
consistent with the bulk of experimental data. It
has been shown that binding to the TOM complex
can drive preprotein unfolding and translocation
through the TOM pore leading to a precursor bound
to a ‘trans site’ located at the intermembrane space
side [57]. Finally, an exergonic reaction would be
required to remove the preprotein from this high-
a⁄nity ‘trans binding site’. In case of preproteins
carrying MTSs the interaction with Tim23 coupled
to vi-driven transfer across the inner membrane
could be the relevant energy source. In the case
of carrier proteins the soluble Tim9/10 complex
and the TIM22 complex might extent the sequential
binding pathway until the protein is ¢nally trapped
by its vi-dependent insertion into the inner mem-
brane.
Presequences may also interact speci¢cally with
lipids, especially with cardiolipin, a typical constitu-
ent of mitochondrial membranes [59,60], but a role
of this kind of interaction in translocation has not
been demonstrated so far.
3.7. Protein interactions as traps at the ¢nal
destination
High-a⁄nity binding sites might trap preproteins
at their ¢nal destination. Inclusion of preprotein-spe-
ci¢c antibodies into outer membrane vesicles results
in an e⁄cient uptake of precursor proteins in vitro
[57]. Similarly, the binding of cytochrome c heme
lyase to cytochrome c is su⁄cient to trap cytochrome
c in the intermembrane space and constitutes an in-
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termediate reaction in the overall transport pathway
of cytochrome c [46,61,62].
A variation of this trapping mechanism confers
ATP-dependent protein translocation into the ma-
trix: mt-Hsp70 serves as a versatile trap that repeat-
edly binds to preproteins as they slide in the trans-
location channel by Brownian motion and thereby
represents a part of a molecular ratchet par excel-
lence. Tim44 recruits mt-Hsp70/ATP to the matrix
face of TIM23. Preprotein binding stimulates ATP
hydrolysis which leads to the dissociation of the
Hsp70/ADP/preprotein complex from Tim44 and
further inward Brownian motion which allows the
next Hsp70/ATP to bind to the translocase [63].
Since the e⁄ciency of a Brownian ratchet increases
with decreasing step sizes between ratcheting sites
[14], e⁄cient recruitment of mt-Hsp70 to the import
channel is important. This guarantees the immediate
trapping whenever the incoming chain moves into
the matrix. A small step size appears to be required
for the unfolding of cytosolic domains since the im-
port of tightly folded domains is more dependent on
Tim44-mediated recruitment of mt-Hsp70 than of
loosely folded domains [64]. The active TIM23 com-
plex contains two Tim44 molecules which bind two
mt-Hsp70s simultaneously. According to the ‘hand
over hand’ model, this further improves the trans-
location e⁄ciency by preventing the backsliding of
a translocating chain since it is continuously attached
to Tim44/mt-Hsp70 [65]. Thus, mt-Hsp70 is the key-
component that facilitates vectorial protein import
into the mitochondrial matrix with high e⁄ciency.
This explains the absolute ATP-dependence of this
translocation process [66].
3.8. Nucleotide-driven motors
Motors can convert electrochemical into mechan-
ical energy. Well characterized examples are myosin
which uses ATP hydrolysis to move along actin ¢-
bers, and bacterial SecA which dives into lipid bi-
layers in an ATP-dependent manner thereby thread-
ing substrate proteins across the membrane [52]. It
was proposed that mt-Hsp70 also might function as
a motor: according to this model, ATP hydrolysis
would cause an intramolecular conformational
change in mt-Hsp70 leading to a power stroke that
pulls bound preproteins into the matrix [67]. It is not
trivial to distinguish between a ratchet-only and a
motor-mechanism. Several observations have been
used to argue in favor of the motor model: (i) an
increased requirement for mt-Hsp70 and ATP for the
import of folded versus unfolded precursors; (ii) the
dependence of e⁄cient mt-Hsp70 action on its bind-
ing to Tim44; (iii) the observation that ATP deple-
tion arrests mt-Hsp70 on translocation intermediates
without causing them to e⁄ciently enter the matrix
[64,68]. However, none of these arguments really
seems compelling: (i) unfolding of cytosolic domains
might require more mt-Hsp70 action due to a smaller
step size of a ratchet; (ii) also, a ratchet would need
Tim44 (see above); and (iii) under ATP depletion
conditions no Tim44-mediated mt-Hsp70 recruitment
occurs and therefore no e⁄cient trapping is possible.
Thus, convincing evidence for an ATP-dependent
pulling of mt-Hsp70 is still missing. The existence
of a reconstituted translocation system with de¢ned
components would be very helpful to distinguish be-
tween the models, as it was for the demonstration
that the Hsp70 homologue BiP mediates e⁄cient
post-translational translocation into the endoplasmic
reticulum in a ratchet-only manner [69].
Recently, the existence of a membrane-bound
GTPase on the outside of the inner membrane was
reported which was proposed to push preproteins
into the matrix [70]. However, the nature and signi¢-
cance of this GTPase remains to be identi¢ed.
4. Concluding remarks
Mitochondrial membranes contain at least four
translocation complexes which recognize destina-
tion-speci¢c signals to target preproteins into mito-
chondrial subcompartments. The energy for these
translocation reactions is provided by a variety of
di¡erent mechanisms which, in their sum, generate
a vectorial driving force and thus e⁄cient sorting.
Even after decades of studying protein import
into mitochondria, our knowledge on the molecular
processes that drive the translocation of polypep-
tides is rather poor. The identi¢cation of the molec-
ular mechanisms by which the translocation machi-
neries confer motive energy to polypeptides is a
challenge for future research in intracellular protein
tra⁄c.
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